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the	 issue	 of	 size	 and	 shape	 limitation	 in	 fabrication	 of	 parts	 out	 of	 bulk	metallic	 glasses.	
Specimens	of	the	SAM1651	Fe-based	BMG	alloy	were	fabricated	to	investigate	the	effects	of	
different	 SLM	 processing	 parameters	 on	 the	 microstructure	 of	 these	 parts.	 They	 were	
examined	 through	 optical	 microscopy	 and	 X-ray	 diffraction	 and	 the	 influence	 of	 point	
distance,	 hatch	 spacing,	 layer	 thickness,	 laser	 power,	 exposure	 time	 and	 substrate	
temperature	 was	 individually	 investigated	 to	 demonstrate	 how	 they	 result	 in	 different	





of	 using	 different	 laser	 power	 and	 exposure	 time	 values	 can	 determine	 and	 predict	 the	
existence	and	relative	amount	of	crystallization	in	these	specimens.	It	was	also	demonstrated	
that	through	increasing	the	temperature	of	the	substrate,	the	amount	of	cracking	occurring	
in	 the	 microstructure	 of	 the	 specimens	 can	 be	 reduced,	 which	 is	 due	 to	 decreasing	 the	











Since	 the	making	of	 specimens	out	of	 SAM1651	alloy,	with	no	 cracking	and	porosity,	was	
unsuccessful,	 future	approaches	were	suggested	 in	order	 to	manufacture	 fully	amorphous	
dense	parts	with	no	cracking	using	the	SLM	process	and	glass	forming	alloys.	Also,	further	
modelling	was	proposed	to	investigate	the	effect	of	hatch	spacing,	layer	thickness	and	point	


















































































































































































glass	 transition	 temperature	and	 the	crystallization	 temperature)	 is	one	of	 their	attractive	
characteristics,	in	which	their	formability	increases	by	orders	of	magnitude	(Y.	Ge	et	al.,	2010).	
They	 possess	 higher	 strength,	 the	 values	 of	 which	 exceed	 the	 strength	 of	 corresponding	





possess	 not	 only	 large	 strength,	 but	 also	 high	 hardness,	 wear	 resistance,	 and	 elastic	




alloys	are	excellent	magnetically	soft	materials	with	an	exclusively	 low	coercive	 force	 (e.g.	






past	 three	 decades,	 since	 they	 were	 produced,	 in	 the	 1990s.	 They	 have	 received	 huge	
attention	 from	 both	 metallurgical	 and	 glass	 researchers,	 because	 of	 their	 phenomenal	
properties.	 Whilst	 they	 display	 highly	 impressive	 elastic	 characteristics,	 their	 room	
temperature	plasticity	has	been	their	main	downturn,	as	it	seems	to	be	almost	non-existent.	
The	absence	of	conventional	mechanisms	of	plastic	deformation,	for	example,	dislocation	or	





crystalline	 alloys.	 Moreover,	 it	 should	 be	 noted	 that	 recently	 produced	 BMG	 alloys	










hydrogen	 (for	 example,	 palladium-based	 alloys)	 and,	 being	 saturated	 with	 it,	 show	




separators	 for	 fuel	 elements	 owing	 to	 the	 good	 penetration	 ability	 of	 hydrogen	 through	
membranes	 by	 Zr‒Hf–Ni	 (Hara	 et	 al.,	 2003)	 and	 Ni–Nb–Zr	 (Yamaura	 et	 al.,	 2003)	 alloys.	
Powders	 of	 Mg-based	 and	 Fe-based	 metallic	 glasses	 manifest	 excellent	 efficiency	 in	 the	
decomposition	 reaction	 of	 azo	 dyes	 compared	 with	 iron-based	 powders,	 their	 crystalline	




Fe-based	 bulk	metallic	 glasses,	 specifically,	 have	 been	 shown	 to	 demonstrate	 exceptional	


















smaller	 than	 20mm	 or	 plates	 with	 limited	 thickness.	 Recently,	 production	 methods	 like	
thermoplastic	forming	which	involve	manufacturing	of	the	BMG	parts	 in	their	supercooled	





































different	 defects	 like	 porosity,	 cracking	 and	 lack	 of	 fusion	 defects.	 In	 order	 to	 do	 this,	
5x5x2.5mm	 cubes	 were	 manufactured	 through	 the	 selective	 laser	 melting	 process	 with	
different	 processing	 parameters	 and	 their	 microstructure	 were	 examined	 using	 optical	
microscopy	 and	 X-ray	 diffraction.	 Afterwards	 through	 optimisation	 of	 these	 processing	
parameters	and	balancing	the	formation	of	these	defects,	several	complex	specimens	were	







































region	 (the	 thermal	 range	 between	 glass	 transition	 temperature	 and	 crystallization	
temperature)	prior	 to	crystallization,	upon	heating	 (Inoue	and	Takeuchi,	2011).	Yet,	 in	 the	
1980s,	a	series	of	studies	was	started	to	look	into	the	effects	of	structural	relaxation	on	the	
properties	of	amorphous	alloys.	Among	other	characteristics,	a	quantitative	evaluation	of	the	









that	 these	 alloys	would	 be	more	 stable	 and	 resistant	 toward	 crystallization	 in	 their	 SCLR,	






































































𝜙 = 𝑇$% &'(') * 																						Equation	–	2.4	
Two	other	indicators	based	on	Turbull’s	classical	nucleation	and	growth	theory	were	


























amorphous	 phase,	 solid	 solutions,	 and	 intermetallic	 compounds)	 predict	 that	 the	
difference	in	formation	enthalpy	of	crystalline	and	amorphous	phases	enhances	the	








where	DHamor	 is	 the	 formation	enthalpy	of	 the	amorphous	phase	and	DHinter	 is	 the	
formation	enthalpy	of	the	crystalline	phase.	The	higher	the	absolute	value	of	DHamor	
is,	 the	 better	 the	 GFA	 is;	 and	 the	 smaller	 the	 enthalpy	 difference	 between	 the	






the	 crystallization	 process	 during	 cooling.	 Therefore,	 the	 best	 glass	 formation	
composition	may	also	be	termed	as	the	composition	with	the	minimum	driving	force	
for	crystallization.	By	using	phase	diagrams,	if	the	driving	forces	or	competitive	growth	
behaviours	 for	 the	 crystallization	of	 all	 the	 intermetallic	 or	 eutectic	 phases	 can	be	
depicted,	the	optimum	glass-forming	composition	may	be	derived.	Drawing	liquidus	


























Bulk	 metallic	 glasses	 are	 generally	 synthesized	 using	 either	 solidification	 or	 solid-state	
processing.	A	number	of	different	methods	have	been	used	over	the	years,	to	make	BMGs	by	








suction	 (Inoue	 and	 Zhang,	 1995)	 or	 injection	 casting	 in	 copper	 moulds.	 As	 a	 result	 of	
solidification	 under	 high	 pressure	 or	 sucking	 force,	 one	 advantage	 of	 these	 modern	
techniques	 lies	 in	 the	elimination	of	cavities	and	holes	and	the	other	 is	 the	relatively	high	
cooling	 rate	 that	 can	 be	 achieved	 (Inoue	 and	 Zhang,	 1995).	 Different	 variations	 like	
unidirectional	 zone	 melting	 (Inoue	 et	 al.,	 1994)	 and	 centrifugal	 casting	 (Nowosielski	 and	
Babilas,	2007)	have	also	been	practiced.		
Achieving	 complete	 amorphisation	 by	 using	 mechanical	 milling	 has	 been	 reported	 in	 a	
number	of	different	compositions	(Seidel,	Eckert	and	Schultz,	1995;	Eckert,	1999;	Lee	et	al.,	
2007).	 There	 is	 no	 melting	 involved	 in	 the	 solid-state	 processing.	 In	 the	 initial	 stages,	






Since	metallic	 glasses	are	metastable	materials	 they	will	 crystallize	 if	 they	 receive	enough	
heating	energy.	Three	different	regimes	of	devitrification	has	been	categorized	(Herold	and	





















Bulk	metallic	 glasses	 exhibit	 excellent	mechanical	 and	 physical	 properties,	which	 promise	
specific	 applications	 in	 the	 future.	 They	 generally	 have	 high	 strength,	 hardness,	 wear	


















Depending	 on	 the	 conditions	 under	which	 a	 bulk	metallic	 glass	 specimen	 is	 processed,	 it	
would	go	through	one	of	two	very	different	modes	of	deformation.	If	the	deformation	process	
is	 carried	out	 in	 its	 supercooled	 liquid	 range	and	with	 a	 low	 strain	 rate,	 the	homogenous	
regime	will	be	predominant	in	which	each	volume	element	of	the	specimen	contributes	to	









which	 is	 a	 cluster	 of	 closely	 packed	 atoms,	 will	 be	 rearranged	 and	 intensely	 distorted	 to	
accommodate	 the	 shear	 strain.	 So,	 if	 the	 shear	 stress	 is	 large	 enough,	 propagation	 and	
agglomeration	of	these	zones	will	trigger	the	formation	of	large	planar	bands	of	STZs,	termed	
as	shear	bands.	These	bands	are	responsible	for	the	plastic	deformation	of	metallic	glasses	at	










A	 series	 of	 compression/tensile	 tests	 have	 been	 carried	 out	 to	 study	 the	 effect	 of	
temperature,	applied	pressure	and	strain	rate	on	the	mechanical	behaviour	of	bulk	metallic	
glasses.	By	investigating	stress-strain	curves	of	BMG	samples	(e.g.	in	Fig.	2.3-(b))	at	different	
temperatures	 and	 strain-rates,	 their	 yield	 (for	 homogeneous	 deformation)	 and	maximum	
stress	(for	inhomogeneous	deformation)	were	obtained	(Kawamura	et	al.,	1996).	They	were	
used	 to	 construct	 two	 sets	 of	 maps	 demonstrating	 their	 temperature	 and	 strain	 rate	
dependency.		
As	shown	in	Fig.	2.3(b)	at	a	constant	temperature,	the	yield	stress	of	the	samples	(defined	by	


















regime,	 the	 maximum	 stress	 is	 almost	 independent	 of	 temperature	 and	 when	 the	
deformation	 mode	 changes	 to	 homogenous,	 the	 yield	 stress	 abruptly	 decreases	 with	
increasing	temperature	(Kawamura	et	al.,	1996).	Comparatively,	the	yield	stress	of	a	BMG	in	





















𝜀 = 𝜀; exp − CD' sinh	(*KD')		 	 	 Equation	–	2.9	
Moreover,	 when	 studying	 the	 homogeneous	 deformation,	 one	 of	 the	 most	 important	
mechanical	 characteristics	of	 the	 supercooled	 liquid	 is	having	a	high	 strain	 rate	 sensitivity	
exponent.				
𝑚 = Δ𝑙𝑜𝑔𝜎/Δ𝑙𝑜𝑔𝜀			 	 Equation	–	2.10	
where	m	is	the	strain	rate	sensitivity	exponent.	A	high	m	value	means	the	alloy	will	have	a	





Figure	2.4-	 Stress-strain	 curves	of	 the	Zr65Al10Ni10Cu15	alloy	at	different	temperatures	 and	at	a	strain	 rate	of	5´10
-4	s-1,	

































Furthermore,	 several	 studies	 have	 been	 carried	 out	 trying	 to	 explain	 and	 formulate	 the	
viscosity	behaviour	of	bulk	metallic	glasses	in	their	equilibrium	state.	Some	use	the	famous	
Vogel-Fulcher-Tamman	 (VFT)	 equation.	 It	 is	 well	 known	 that	 the	 Angell	 version	 of	 the	
equation	(Angell,	1995),	presented	below,	can	accurately	reproduce	viscosity	of	a	material	in	
an	 equilibrium	 state,	 which	 is	 how	 BMG	 parts	 behave	 in	 their	 supercooled	 liquid	 region	
(Kawamura	et	al.,	2001).	The	formulation	is	described	by	the	equation	below:	


















Finally,	 in	 order	 to	 classify	 the	 sensitivity	 of	 different	 fluids	 against	 thermal	 changes,	 the	
fragility	concept	has	been	 introduced	as	the	slope	of	viscosity	vs	 temperature	at	 the	glass	
transition	temperature	and	is	expressed	by	(Novikov,	Ding	and	Sokolov,	2005):		
𝑚 = `ab%c`(')/') |'e') 		 	 Equation	–	2.13	
A	low	m	value	(like	32	for	B2O3	melt)	shows	that	the	liquid	is	strong	and	a	high	m	(like	73	for	
salol)	 indicates	 that	 the	 liquid	 is	 fragile	 and	 very	 susceptible	 to	 changes	 in	 temperature	
(Böhmer	et	al.,	1993).	It	has	been	demonstrated	(Table	2.3)	that	the	bulk	metallic	glasses	in	







for	 them,	 as	 they	 exhibit	 superplastic	 behaviour	 in	 their	 supercooled	 liquid	 region.	 So,	
researchers	have	taken	this	opportunity	to	shape	and	form	glass	forming	metallic	alloys	by	
Alloy	composition	 E	 F	 G	 T0	(K)	 M	
La55Al25Ni20	 -2.854	 49.094	 9.823	 777.0	 35	

















A	common	problem	 in	processing	methods	 like	compression	moulding	 is	 the	high	 friction,	
which	 hinders	 material	 flow	 inside	 the	 die.	 Since	 this	 problem	 develops	 because	 of	 the	





















glasses,	 nanoimprinting	 (which	 is	 embossing	 nano-features	 from	 a	 mould	 onto	 a	















𝑃 = g[ch a` [ − ijkblm` 		 Equation	–	2.14	
where	P	is	the	required	pressure	for	the	flow	to	take	place,	h	is	BMG’s	viscosity,	t	is	the	filling	
time,	l	is	the	die	length,	d	is	the	die	diameter,	g	is	the	metallic	glass-vacuum	surface	energy,	





As	 depicted	 in	 Equation	 –	 2.14,	 the	 capillary	 force	 is	 strongly	 dependent	 on	 the	 wetting	
characteristics	of	the	BMG	forming	alloy	in	contact	with	the	channel	wall.	For	complete	anti-


































Veazey,	 2008).	 One	way	 of	 foaming	 bulk	metallic	 glasses	 (Schroers,	 Veazey	 and	 Johnson,	
2003)	is	carried	out	by	first	fabricating	a	foam	precursor,	and	then	activating	the	expansion	
of	the	bubbles	inside	that	precursor.	The	precursor	can	be	produced	by	enclosing	hydrated	
powder	 with	 the	metallic	 glass	 inside	 a	 quartz	 tube	 and	 heating	 it	 inside	 a	 furnace	 at	 a	


















This	 step	 of	 foaming	metallic	 glasses	 is	 essentially	 increasing	 the	 entrained	 porosity.	 The	
expansion	mechanism	is	proposed	to	be	bubble	growth	until	the	porosity	reaches	a	threshold	
(about	50-70%)	at	which	the	bubbles	would	be	critically	packed.	After	this	point,	the	bubbles	


















not	 controlled,	 would	 cause	 the	 metallic	 glass	 to	 fail	 (Ma,	 2003).	 This	 would	 result	 in	
formation	 of	multiple	 shear	 bands,	 dramatically	 increasing	 the	 plasticity	 of	 glass	 forming	
alloys	at	room	temperature.		
Several	methods	have	been	used	for	fabrication	of	bulk	metallic	glass	composites,	three	of	






























































































































































Johnson	 (Johnson	 and	 Samwer,	 2005)	 is	 dominated	 by	 the	 shear	modulus	 for	 a	 frozen-in	
atomic	 configuration	 at	 the	 glass	 transition	 temperature.	 Furthermore,	 Guo	 showed	 that	















































glass	 forming	 ability	 of	 Fe-based	 bulk	 metallic	 glasses	 (Lu,	 Liu	 and	 Porter,	 2003;	
Ponnambalam,	Poon	and	Shiflet,	2004).		The	effect	of	Y	and	similarly	Ln	has	been	explained	
through	one	of	Inoue’s	conditions	for	production	of	bulk	metallic	glasses,	namely	the	large	














































of	 Co	 on	 lowering	 the	 liquidus	 temperature	 when	 partially	 replacing	 Fe,	 stabilizing	 the	




















1996).	 Mo	 has	 also	 been	 shown	 to	 increase	 the	 GFA	 of	 Fe-based	 alloys	 (A.	 Inoue,	 T.	







Liqualloy	 cores	which	 are	 used	 in	 noise	 suppression	 sheets,	 AC-DC	 convertors	 and	DC-DC	




also	present	good	radio	 frequency	 identification	which	has	been	used	 in	higher	 functional	
mobile	phones	and	can	obtain	long	transmission	distances.		
Other	alloy	systems,	namely	Fe-Nb-B-Si	and	Fe-Nb-Cr-P-B-Si,	have	been	utilised	to	produce	
soft	 magnetic	 powder	 cores	 through	 cold	 consolidation	 of	 glassy	 powder	 and	 resin	
(Lewandowski,	Wang	and	Greer,	2005).	They	show	the	smallest	core	losses	compared	to	other	
magnetic	 powder	 cores.	 Similar	 soft	 magnetic	 bulk	 metallic	 glasses	 have	 been	 used	 in	







cost-effective	 amorphous	 powder	 production	 for	 different	 particle	 sizes	 through	 water	
atomization,	 has	 given	 rise	 to	 the	manufacturing	 of	 shot	 peening	 balls	with	much	 longer	
endurance	periods	compared	to	conventional	materials.	These	shot	peening	balls	that	were	















based	bulk	metallic	 glasses,	 a	 high	 velocity	oxygen	 fuel	 spray	 coating	 technique	has	been	
utilised	to	coat	different	metallic	substrates	using	Fe50Cr15Mo15C14B6	metallic	glass	powder.	
Compared	to	that	of	SUS	304	steel	and	Cr-coated	plate,	the	spray	coated	glassy	alloy	layer	






















zones	 from	environments	 that	could	cause	stress	corrosion	cracking	 (Farmer	et	al.,	1991).	
They	can	be	a	good	option	for	replacing	expensive	nickel-based	alloys,	as	they	would	be	much	
more	cost	effective.	In	the	case	of	SAM2X5	(Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4),	the	alloy	
shows	 remarkable	 neutron	 absorption	 properties,	 up	 to	 4	 times	 greater	 than	 borated	
stainless	 steel	 which	 is	 why	 long-term	 storage	 of	 spent	 nuclear	 fuel	 may	 be	 a	 suitable	
application	 for	 it	 (Choi	et	al.,	 2007).	Also,	Gadolinium	as	one	of	 the	 interesting	elemental	
additions	to	Fe-based	bulk	metallic	glasses,	which	 is	useful	 in	enhancing	the	glass	 forming	





The	 Fe-based	 bulk	metallic	 glass	 forming	 alloy	which	 is	 the	material	 being	 studied	 in	 this	
research	has	a	composition	of	Fe48Cr15Mo14C15B6Y2	(atomic	percent).	As	shown	in	the	sections	
below,	 it	 has	 been	 shown	 to	 have	 remarkable	 corrosion	 and	 mechanical	 properties.	











and	653°C	 (Farmer	et	al.,	2007).	The	onset	of	glass	 transition	 temperature	 for	 thin	 ribbon	
SAM1651	has	been	presented	as	579°C	(Seghairi	et	al.,	2012)	and	the	onset	of	crystallization	
temperature	 as	 653°C	 (Miller,	 2010)	 and	 597°C	 (Seghairi	 et	 al.,	 2012).	 The	 melting	

































temperature,	 SAM1651	 was	 the	 cathode	 and	 the	 rate	 of	 corrosion	 for	 1018	 C-steel	 was	
slightly	increased,	but	when	an	anode	to	cathode	ratio	of	1:100	was	used,	the	corrosion	rate	
of	1018	C-steel	was	increased	50	times.	When	coupled	with	SS	316L,	in	the	same	conditions,	













which	 transforms	 to	 different	 equilibrium	 crystalline	 phases	 upon	 further	 annealing.	 It	 is	
because	 of	 the	 similar	 local	 atomic	 configuration	 of	 this	 phase	 to	 that	 of	 its	 supercooled	






the	 amorphous	 structure	 included	Mo	 and	 Y	 rich	 islands,	 shown	 in	 Fig.	 2.13.	 After	 heat	






















cooling	 rates	 lower	 than	 the	critical	 cooling	 rate	of	SAM1651	during	casting,	 the	 resulting	
microstructure	 was	M23C6	 nanoparticles	 within	 an	 amorphous	matrix	 and	 decreasing	 the	
cooling	rate	much	further,	resulted	in	the	crystalline	phase	becoming	dendritic	(Hildal,	Sekido	
and	Perepezko,	2006).	
The	effect	of	exposure	 time	on	devitrification	during	 the	heat	 treatment	of	 the	SAM1651	
samples	has	also	been	investigated	(Nouri,	Liu	and	Lewandowski,	2009).	It	was	reported	that	





Nouri	 et	 al	 explained	 this	 correlation	 through	 the	 effect	 of	 devitrification	 of	 the	 samples	
during	 the	 heat	 treatment	 and	 how	 this	 change	 in	 the	 microstructure	 of	 the	 specimens	
changed	the	viscosity	of	the	samples	at	each	temperature	and	exposure	time.	Through	TEM	
imaging,	 they	 showed	 how,	 at	 temperatures	 above	 500°C,	 increasing	 the	 exposure	 time,	




because	 there	 is	no	crystallization	happening	 in	 this	 temperature	 range	according	 to	TEM	
imaging.	However,	at	500°C,	increasing	of	the	hardness	can	be	observed	as	the	exposure	time	

























































process	 by	 providing	 the	 opportunity	 to	 increase	 the	 hatch	 spacing	 used	 and	 reduce	 the	
processing	time	consequently	(Loh	et	al.,	2014).		
Together	with	absorptivity,	layer	thickness,	hatch	spacing,	laser	power	and	scanning	speed	





might	 be	 the	 result	 (Krakhmalev	 and	 Yadroitsev,	 2014).	 Therefore,	 optimisation	 of	 these	
















































It	has	also	been	 suggested	 that	 some	pores	may	be	 formed	as	a	 result	of	 the	 incomplete	
remelting	of	the	local	surfaces	from	the	previous	layer	which	would	cause	high	roughness	and	
small	ridges	on	the	surface	of	the	previous	layer	to	which	the	molten	metal	would	not	be	able	

















Lack	 of	 fusion	 defects	 are	 irregularly-shaped	 holes	 (usually	 larger	 than	 pores)	 which	 are	
formed	in	the	microstructure	of	specimens	fabricated	through	SLM	(as	shown	in	Fig.	2.20)	
due	 to	 insufficient	 energy	 input	 into	 the	molten	pool.	 This	 can	 result	 in	 the	molten	 track	
having	a	smaller	width	which	would	mean	that	consecutive	tracks	may	not	overlap	sufficiently	
and	hence	some	powder	particles	would	remain	unmelted.	Or,	the	depth	of	the	molten	pool	
would	 be	 small	 which	 would	 mean	 that	 successive	 deposited	 layers	 would	 not	 overlap	
properly	which	would	result	in	some	powder	particles	remaining	unmelted	and	hence	lack	of	
fusion	defects	would	form	as	a	result	(Vilaro,	Colin	and	Bartout,	2011;	Gong,	Rafi,	et	al.,	2014;	
Liu	et	al.,	2014).	Therefore,	other	 than	 increasing	 laser	power	and/or	decreasing	scanning	
speed	which	would	increase	the	volume	of	each	melt	pool,	decreasing	the	hatch	spacing	and	














































































area),	an	 increase	 in	 the	cracking	density	 (calculated	by	dividing	the	sum	of	crack	 lengths,	
measured	 in	 all	 of	 the	 micrographs	 taken	 from	 a	 specimen,	 by	 the	 total	 area	 of	 the	
micrographs)	would	occur	as	a	result	(Carter,	Essa	and	Attallah,	2015).	
	





characteristic	 thermo-physical	 properties	 of	 different	 materials	 used	 as	 feedstock	 in	
fabrication	 of	 samples	 through	 this	 process,	 a	 complicated	 picture	 arises.	 The	 interaction	
between	all	of	these	factors	makes	the	prediction	of	the	properties	of	the	resulting	specimens	
difficult.	This	is	why	in	order	to	be	able	to	investigate	the	influence	of	these	factors	on	the	





In	 an	 attempt	 (Ion,	 Shercliff	 and	 Ashby,	 1992)	 to	 provide	 a	 useful	 tool	 to	 prepare	 these	
processing	maps,	dimensionless	parameters	for	representing	laser	power	and	scanning	speed	
were	identified,	through	application	of	an	analytical	heat	flow	model,	as:	
𝑞∗ = 𝐴𝑞/[𝑟r𝜆 𝑇W − 𝑇; ]	 	 Equation	–	2.15	𝑣∗ = 𝑣𝑟r/𝛼	 	 Equation	–	2.16	
where	q*	is	the	dimensionless	laser	power,	A	is	the	surface	absorptivity	coefficient,	rB	is	the	
beam	radius	and	𝜆,	𝛼	and	Tm	are	the	thermal	conductivity,	thermal	diffusivity	and	melting	






extended	 version	 of	 the	 above-mentioned	 strategy	 was	 developed	 which	 include	 the	
dimensionless	parameters	representing	 layer	thickness	and	hatch	spacing	(Thomas,	Baxter	
and	Todd,	2016):	
𝑙∗ = 2𝑙 𝑟r	 	 Equation	–	2.17	



















insight	 which	 can	 cost	 less	 if	 it	 is	 done	 qualitatively.	 However,	 to	 get	 a	 more	 detailed	
understanding	 of	 the	 stress	 situation,	 more	 expensive	 and	 time	 consuming	 quantitative	
techniques	need	to	be	utilised.	To	get	the	advantages	of	both	these	measurement	routes,	
simulation	has	been	used	which	can	provide	a	greater	 comprehension	of	 the	 influence	of	
different	processing	parameters	on	the	formation	of	residual	stress,	and	save	time	and	money	
through	decreasing	 the	number	of	 samples	 that	have	 to	be	 fabricated	 in	 carrying	out	 the	
research.		




















power	 is	 more	 significant	 compared	 to	 the	 laser	 irradiation	 time	 when	 it	 comes	 to	 the	
maximum	temperatures	occurring	in	the	melt	pool.	Furthermore,	in	an	initial	attempt	that	
considered	the	alteration	of	characteristics	when	the	material	 transforms	 from	powder	 to	
liquid	and	then	to	solid,	prediction	of	the	resulting	thermal	stresses	through	modelling	the	
temperature	 distribution	 in	 a	 single	 layer	 fabricated	 by	 selective	 laser	melting	 of	metallic	








version	 of	 the	 thermal	 conductivity	 of	 the	 powder	 (Roberts	 et	 al.,	 2009).	 Further	
enhancement	could	be	applied	by	the	inclusion	of	the	properties	of	the	material	in	the	mushy	
zone	in	the	model	(Zehner	and	Schulunder,	1970).	Also,	utilisation	of	thermally	dependent	
characteristics	 of	 the	 material	 has	 been	 demonstrated	 to	 assist	 in	 development	 of	 a	
simulation	of	the	SLM	process	that	resulted	in	the	optimisation	of	the	processing	parameters	
which	 in	 turn	 helped	 fabricate	 specimens	 with	 the	 intended	 amount	 of	 pores	 in	 its	
microstructure	(Song	et	al.,	2012).	This	clearly	presents	the	high	value	of	having	the	accurate	
thermal	 profile	 through	 getting	 the	 right	 modelling	 tool	 to	 be	 able	 to	 adopt	 the	 right	
parameters	for	obtaining	the	desired	microstructure.	
In	another	study,	a	three-dimensional	model	of	a	layer	was	constructed	by	considering	the	
laser	 irradiation	 as	 a	 volumetric	 heat	 source	 and	 taking	 the	 temperature	 dependant	
properties	 of	 the	 powder	 and	 the	 solid	 into	 account	 (Foroozmehr	 et	 al.,	 2016).	 The	 FEM	
simulation	was	 further	 enhanced	by	 calibrating	 the	optical	 penetration	of	 the	 laser	 beam	
(defined	as	the	depth	of	the	powder	bed	at	which	the	energy	intensity	of	the	beam	decreases	
to	1/e	of	 its	value	at	 the	surface	 (Fischer	et	al.,	2002))	with	 the	experimental	 results.	The	


























the	experimental	 results	 indicated	 that	utilization	of	enhanced	 thermal	 conductivity	 could	
effectively	 model	 the	 Marangoni	 convection	 in	 the	 melt	 pool,	 reducing	 the	 need	 for	
developing	a	more	complex	CFD	model.	







laser	melting	 (Lopez-Botello	et	 al.,	 2017).	 Validation	 of	 the	 simulation	was	 carried	 out	 by	









combined	 with	 the	 intrinsic	 brittleness	 of	 most	 bulk	 metallic	 glasses	 could	 cause	 severe	
defects	 like	 cracks,	 curling	 or	 even	 delamination	 in	 the	 parts	 produced	 through	 these	









power	 utilized	 in	 this	 experiment,	 various	 energy	 density	 distributions	 and	 heat	 transfer	




power	 values,	 the	 energy	 density	 distribution	 was	 more	 dominant	 in	 determining	 the	
morphology	of	 the	scanned	tracks,	 resulting	 in	a	Gaussian-like	cross	section.	On	the	other	
hand,	 at	 lower	 laser	 power	 values,	 heat	 transfer	 processes	 were	 determined	 to	 be	 the	
dominant	 force	 in	 formation	 of	 the	 shape	 of	 the	 cross	 section,	 resulting	 in	 a	 sub-circular	
pattern.		
Different	 energy	 density	 distribution	 and	 heat	 transfer	 processes	 caused	 by	 the	 usage	 of	
different	laser	power	values,	was	also	reported	to	cause	diverse	thermal	histories	in	various	
parts	of	the	melt	tracks.	This	resulted	in	different	microstructure,	hardness,	elastic	modulus	
and	 plastic	 behaviour	 in	 those	 parts	 due	 to	 the	 different	 cooling	 rates	 experienced.	 For	
instance,	it	was	mentioned	that	contrary	to	the	expectation	that	higher	laser	power	would	
result	in	a	high	cooling	rate	and	hence	amorphisation	of	the	microstructure,	the	large	thermal	




in	 Fig.	 2.24)	 which	 were	 attributed	 to	 the	 large	 thermal	 stresses	 caused	 during	 the	 SLM	
process.	At	smaller	laser	power	values,	cracks	were	also	observed	which	were	associated	with	
reduced	strength	of	the	metallic	glass	which	in	turn	was	caused	by	the	formation	of	lack	of	











pure	aluminium	substrate,	with	 the	 laser	 scanning	 speed	of	750mm/s	and	 laser	power	of	







As	 shown	 in	 Fig.	 2.25,	 in	 the	 case	 of	 the	 substrate	 at	 250°C,	 the	 interface	 between	 the	
substrate	and	the	BMG	layer	seems	to	be	melted	in	a	semi-circular	manner	with	good	bonding	









was	 at	 room	 temperature,	 which	 is	 not	 the	 case	 for	 the	 high	 temperature	 substrate	










greatly	 reduced,	 causing	 the	 cooling	 rate	occurring	 in	 the	BMG	 laser	 to	be	 lower	 than	 its	
critical	 cooling	 rate,	 in	 some	 areas,	 which	 in	 turn	 caused	 crystallization	 to	 happen.	 They	
concluded	 that,	 for	 this	 alloy,	 the	 higher	 substrate	 temperature	 would	 be	 beneficial	 for	
improving	 bonding	 between	 the	 BMG	 layer	 and	 the	 substrate	 and	 also	 to	 prevent	
crystallization	in	the	microstructure	of	the	BMG	alloy.	



















layer.	 The	 initial	 higher	power	 scan	melts	 the	powder	 layer,	 but	 introduces	 large	 thermal	
gradients	 inside	 the	 specimen,	 and	 then	 the	 second,	 lower	 power	 scan	 increases	 the	
temperature	of	the	material	in	the	affected	layer	to	above	the	glass	transition	temperature	
of	the	glass	forming	alloy,	allowing	the	thermal	stresses	to	be	rapidly	reduced	through	viscous	











the	 formation	 and	 nature	 of	 a	 crystallized	 component	 in	 the	 heat	 affected	 zone,	 single-
layered	 specimens	 were	 manufactured	 out	 of	 a	 Zr-based	 metallic	 glass,	 namely	











the	HAZ.	 If	 the	 energy	 input	 is	 high	 enough,	 the	 temperature	 of	 the	material	 in	 the	HAZ	
increases	 above	 the	 crystallization	 temperature	 of	 the	 glass	 forming	 alloy	 and	 hence	
crystallization	occurs	in	the	HAZ.	
In	the	second	stage	of	the	experiment	the	amorphous	Zr-based	powder	was	deposited	on	the	
crystallized	 substrate	 (which	 was	 obtained	 through	 annealing	 an	 amorphous	 plate	 at	 its	
crystallization	temperature)	using	the	lower	energy	density	value.	Zr2Cu	nanocrystals,	similar	
to	what	could	be	found	in	the	microstructure	of	the	underlying	crystallized	substrate,	were	














fully	 crystallized	 substrate)	 and	 hence	 were	 the	 result	 of	 isothermal	 annealing	 condition	
which	 allows	 for	 diffusion-controlled	 phase	 separation	 and	 hence	 formation	 of	 Zr2Cu	 and	
other	nanocrystalline	phases.		
In	 another	 study,	 the	 effect	 of	 heat	 accumulation	 on	 the	 HAZ	 was	 investigated	 through	
fabrication	of	specimens	out	of	Zr55Al10Ni5Cu30	using	a	300W	pulsed	laser	(Yang	et	al.,	2012).	
It	was	shown	that	as	the	number	of	pulses	used	in	the	melting	of	each	melt	pool	increased,	
















forming	alloy,	 hence	 crystallization	was	deemed	 impossible	 in	 this	 zone.	 Similarly,	 for	 the	
material	 in	 the	 remelted	 zone	 every	 time	 a	 temperature	 above	 the	 glass	 transition	
temperature	was	experienced,	 it	went	through	melting	and	solidification	cycles,	and	apart	
from	that,	 its	 temperature	never	 increased	above	Tg,	which	again	meant	no	crystallization	
could	happen	in	this	zone.	
However,	the	material	in	the	heat	affected	zone	experienced	temperatures	between	Tm	and	
Tg,	 which	 means	 if	 enough	 heat	 accumulation	 occurred	 in	 this	 area,	 crystallization	 was	





























density	would	 keep	 the	homogeneity	of	 the	 composition	of	 the	melt	 and	 result	 in	 a	 fully	
amorphous	structure.		
It	was	also	reported	that,	keeping	the	exposed	laser	energy	density	constant,	introducing	a	





















amorphous	phase,	however,	 the	 reheating,	when	depositing	successive	 tracks,	 caused	 the	













deposited	on	 the	crystallization	behaviour	of	 the	glass	 forming	alloy.	 It	was	 reported	 that	
when	 the	 interval	 period	 of	 5s,	 used	 in	 the	 original	 experiments	 mentioned	 above,	 was	
eliminated	the	resulting	microstructure	was	dramatically	different,	showing	almost	no	sign	of	
the	amorphous	phase	and	consisting	of	coarse	crystalline	grains.	This	was	explained	through	














The	 formation	 of	 these	 irregularly	 shaped	 pores,	 called	 keyhole	 pores	were	 attributed	 to	
insufficient	 filling	of	gaps	by	the	molten	metal	which	 in	 turn	 is	because	of	 the	 inadequate	
energy	input	to	the	powder	bed.	This	is	why,	by	increasing	the	laser	power	and/or	decreasing	
the	 scanning	 speed,	which	 increases	 the	 energy	 input,	 these	 defects	 seemed	 to	 decrease	

















The	 saturation	 magnetisation	 of	 the	 SLM	 manufactured	 specimens	 and	 the	 pre-alloyed	
powder	was	 shown	 to	be	almost	 the	same.	However,	 there	were	some	differences	 in	 the	
initial	part	of	the	M-H	hysteresis	loop,	between	the	two,	which	was	attributed	to	the	existence	
of	pores	and	cracks	inside	the	microstructure	of	the	SLM	specimens,	since	the	shape	of	the	




















The	XRD	pattern	of	 the	 specimens	and	 the	pre-alloyed	powder	were	 shown	 to	be	almost	





































and	 coarsen	 as	 the	 specimen	 gets	 taller.	 Another	 phenomenon	 that	was	 suggested	 to	 be	
happening	was	that	if	the	specimen	was	large	enough	so	that	its	temperature	would	be	higher	
than	the	crystallization	temperature	of	the	glass	forming	alloy,	even	the	previously	deposited	
layers	 which	 may	 have	 had	 an	 amorphous	 component	 in	 their	 microstructure,	 would	
completely	crystallize.		












as	 a	 result.	 This	 was	 explained	 through	 the	 reduced	 cooling	 rate	 and	 hence	 higher	
crystallization	 occurring	 as	 a	 result	 of	 higher	 laser	 exposure.	 Existence	 of	 cracks	 in	 the	
microstructure	of	the	specimens	were	very	briefly	mentioned	and	was	attributed	to	the	lack	















composition	 of	 SAM1651	 which	 is	 Fe48Cr15Mo14C15B6Y2	 atomic	 percent.	 LPW	 Technology	
provided	the	chemical	analysis	of	the	argon	atomised	powder,	which	is	shown	in	Table	3.1.	
Upon	 receipt,	 a	 sample	 of	 the	 powder	 was	 sent	 to	 AMG	 Analytical	 Services	 for	 UKAS	
accredited	composition	 investigation.	The	amount	of	 carbon	was	measured	 through	LECO	
combustion	analysis	and	for	oxygen	investigation	a	LECO	inert	gas	fusion	method	was	utilized.	
As	for	the	other	elements,	inductively	coupled	plasma	FeCr	analysis	was	used	to	determine	
the	 weight	 percentages	 of	 iron,	 molybdenum,	 chromium,	 boron	 and	 yttrium.	 Table	 3.1	
depicts	these	three	sets	of	compositions.	
	 Weight	Percentage	
Composition	 B	 C	 Cr	 Mo	 Y	 O	 Fe	
Nominal	 1.24	 3.45	 14.92	 25.70	 3.4	 -	 Bal	
LPW	Tested	 1.24	 3.57	 15.0	 25.74	 3.35	 -	 Bal	
















Wet	 dispersion	 is	 preferred	 as	 it	 provides	 a	 significant	 reduction	 in	 particle	 to	 particle	
adhesion	 forces	 through	 the	 process	 of	 surface	 wetting,	 which	 enables	 agglomerated	
particles	to	be	dispersed	with	relatively	little	energy	input.		
In	 a	 laser	 diffraction	measurement,	 a	 laser	 beam	 passes	 through	 a	 dispersed	 particulate	
sample	and	the	angular	variation	in	intensity	of	the	scattered	light	is	measured	(as	shown	in	






























was	 placed	 at	 the	 bottom	 of	 a	 plastic	 mounting	 cup	 and	 cold	 mounted	 using	 a	 Buehler	
EpokwicK	fast	cure	epoxy	kit	20-8128	(as	shown	in	Fig.	3.2).	A	Struers	Tegramin-20	grinding	




















Two	 temperature	 ranges	 were	 examined.	 In	 one,	 the	 sample	 was	 heated	 in	 an	 argon	
atmosphere	from	673K	to	1023K	(to	determine	Tg	and	Tx)	and	in	another,	the	powder	was	
heated	from	1273K	to	1473K	(to	determine	Ts	and	Tl),	both	at	a	speed	of	1	degree	per	minute.	













point.	 Furthermore,	 the	 idle	 speed	 is	 the	 speed	 at	 which	 the	 laser	 travels	 between	 two	
























1- Cartridge	Heater:	As	 shown	 in	Fig.	3.5,	 the	cartridge	heater	 is	a	SS-316L	cylindrical	
piston	with	6	holes	 vertically	drilled	 inside	of	 it.	 Five	of	 these	holes	 are	 filled	with	







































































dimensions	 of	 5x5x2.5mm,	 were	 fabricated	 on	 each	 substrate	 (as	 shown	 in	 Fig.	 3.10)	 to	





















120W	 140W	 160W	 180W	
Exposure	
Time	(μm)	
120μm	 x	 x	 x	 x	
140μm	 x	 x	 x	 x	
160μm	 x	 x	 x	 x	








After	 investigation	 of	 the	 above-mentioned	 sample	 through	 optical	 microscopy,	 the	
maximum	temperature,	723K,	was	chosen	 for	 the	rest	of	 the	cubes	 to	be	built	at,	 since	 it	

























(μs)	 110	 120	 130	 140	




20	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	
35	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	
50	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	




Cubic	 specimens	were	manufactured	on	a	preheated	 substrate	 (at	450°C)	 to	examine	 the	







































75	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	
10
0	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	
12













(μs)	 120	 130	 140	 150	




25	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	
50	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	 x	





studied	 in	 the	 next	 step.	 To	 do	 this,	 105	 cubes	 were	 manufactured	 using	 the	 sets	 of	
parameters	 shown	 in	 Table	 3.6.	 They	 were	 built	 on	 the	 above	mentioned	 stainless	 steel	
substrates	in	batches	of	16	as	shown	in	Fig.	3.10.	Other	processing	parameters	which	were	







120W	 130w	 140W	 150W	 160W	 170W	 180W	 190W	 200W	
70μm	 	 	 	 	 X	 X	 X	 X	 X	
80μm	 	 	 	 	 X	 X	 X	 X	 X	
90μm	 	 	 	 	 X	 X	 X	 X	 X	




















120W	 130w	 140W	 150W	 160W	 170W	 180W	 190W	 200W	
110μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
120μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
130μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
140μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
150μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
160μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
170μm	 X	 X	 X	 X	 X	 X	 X	 X	 X	
180μm	 X	 X	 X	 X	 X	 X	 	 	 	
190μm	 X	 X	 X	 X	 X	 X	 	 	 	






fast	 cure	 epoxy	 kit	 20-8128	was	 used	 to	 cold	mount	 the	whole	 substrate	 disk	 and	 cubes	
together	(as	shown	in	Fig.	3.11)	after	it	was	cleaned	in	acetone	to	remove	any	oils	and	powder	
particle	remnants.		
The	 cold	mounting	 epoxy/hardener	mix	 was	 poured	 on	 the	 samples	 that	 were	 placed	 in	
























































such	 as	 lighting,	 magnification,	 cleanliness,	 field	 stop	 and	 aperture	 stop	 were	 also	 kept	
constant	for	all	the	samples,	the	resulting	defect	quantification	was	uniformly	done.		










and	 interconnected	 (step	 017).	 Lack	 of	 fusion	 defects	 were	 then	 identified	 subsequently	


























The	 relevant	 measurements	 for	 each	 type	 of	 defect	 that	 was	 obtained	 from	 one	 of	 the	






















selectively	melt	 the	 powder.	 Heat	 conduction	 equations	 govern	 the	 spatial	 and	 temporal	
distribution	of	the	temperature:	






















and	 assuming	 similar	 absorptance	 for	 liquid	 and	 bulk	 SAM1651,	 0.3	 was	 used	 as	 the	
absorptance	of	SAM1651	at	its	liquid	stage	(since	there	was	no	data	found	representing	the	
absorptance	of	SAM1651	at	its	liquid	stage).		
The	 temporal	 temperature	distribution	was	 calculated	 through	 the	ABAQUS	FEA	 software	
version	 6.13.	 Considering	 the	 first	 law	 of	 thermodynamics,	 it	 solves	 the	 general	 energy	
balance	equation: 	 𝑄 = 𝑄 + 𝑄 + 𝑄D 	 	 Equation	–	3.3	

























Solid	Density	 Latent	Heat	 Specific	Heat	Capacity	 Solidus	Temperature	 Liquidus	Temperature	




























hence	 contributed	 to	 developing	 the	model	 that	 could	 predict	 the	 thermal	 behaviour	 of	
SAM1651	in	selective	laser	melting	conditions.	






the	 SLM	process	 and	artificially	 simulate	 it,	 an	enhanced	anisotropic	 thermal	 conductivity	
approach	(Safdar	et	al.,	2013)	was	utilised,	in	which	the	enhanced	thermal	conductivity	values	




𝛾 = 1																															𝑇 < 𝑇W𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑦𝑖𝑛𝑔	𝐹𝑎𝑐𝑡𝑜𝑟															𝑇 > 𝑇W	
The	anisotropic	enhancement	factors	used	in	this	study	are	shown	in	Table	3.8.		
	 𝛾22 	 𝛾 	 𝛾 	
Powder	 75.5	 75.5	 124.4	




The	 simulated	 melt	 pool	 sizes	 were	 compared	 with	 the	 experimental	 melt	 pool	 sizes	
manufactured	with	the	processing	parameters	and	the	enhanced	thermal	conductivity	values	






















convection	 as	 a	 surface	 film	 interaction	 on	 the	 exposed	 top	 surface	was	modelled	 and	 a	







the	 laser	 turns	 off,	 the	 thermal	 distribution	 of	 the	 elements	 in	 the	 melt	 pool	 and	 its	





dimensions	 with	 simulation	 predicted	 melt	 pool	 dimensions.	 In	 order	 to	 fabricate	 the	
required	melt	pools	experimentally,	first	a	40mm	diameter	substrate	disk	was	made	through	
Spark	Plasma	Sintering	the	SAM1651	powder	close	to	the	alloy’s	melting	point.	This	resulted	
in	 a	 fully	 dense	 disk,	 however	 the	 microstructure	 of	 the	 material	 was	 fully	 crystallised.	
Subsequently	a	single	 layer	of	 the	SAM1651	powder	was	deposited	on	 the	substrate	disk,	
which	was	preheated	to	450°C.	Single	tracks,	5mm	in	length,	were	melted	on	the	powder	bed	
and	 into	 the	 substrate	 using	 the	 selected	 laser	 power	 and	 exposure	 time	 values.	 The	
specimens	 were	 then	 cut,	 cold	 mounted,	 grinded	 and	 polished.	 Afterwards,	 optical	
microscopy	was	used	to	obtain	 images	of	 the	cross-section	of	 the	melt	 tracks	and	Clemex	
software	was	used	to	determine	the	dimensions	of	the	melt	pools.		
Because	of	the	high	cooling	rate	of	the	SLM	process,	the	microstructure	of	the	whole	volume	
of	 the	 glass	 forming	material	 that	 goes	 through	melting	 and	 rapid	 solidification	would	be	
amorphous.	 The	 contrast	 between	 the	 crystallized	 substrate	 and	 the	 amorphous	
microstructure	of	the	melt	pool	was	used	to	distinguish	the	interface	between	melt	pools	and	







section	 of	 experimental	 and	 simulated	 melt	 pools	 can	 be	 observed	 in	 Fig.	 3.20	 and	 the	
corresponding	values	for	the	dimensions	obtained	from	Fig.	3.20	are	presented	in	Fig	3.21.		
Based	on	 the	 fact	 that,	according	 to	Fig	3.20,	predicted	melt	pool	width	and	depth	are	 in	
agreement	with	the	values	measured	from	the	experiments,	 it	can	be	stated	that	 the	FEA	
model	 prediction	 of	 the	 behaviour	 of	 the	 SAM1651	 when	 processed	 with	 selective	 laser	
melting	does	correlate	well	with	experimental	results.	
Another	approach	 to	validating	 the	FEA	simulation	 is	 through	comparing	 the	 temperature	





validity	 of	 the	 FEA	 modelling.	 It	 has	 been	 reported	 that	 increasing	 the	 laser	 power	 and	
exposure	 time	 would	 result	 in	 increasing	 the	 emerging	 peak	 temperature	 in	 the	 melt	
pool(Shiomi	et	al.,	1999).	Furthermore	Shiomi	et	al.	has	showed	that	the	dominant	factor	in	
this	increasing	of	the	peak	temperature	is	laser	power	rather	than	exposure	time.		
So,	 to	 investigate	 if	 the	 FEA	 simulation	 used	 in	 this	 work	 would	 be	 able	 to	 predict	 this	




























































































exposure	 time	 values	 and	 are	 shown	 in	 Fig.	 3.23.	 It	 can	 clearly	 be	 seen	 that	 the	 peak	
temperature	 in	 the	 simulated	melt	 pool	 increases	 as	 the	 exposure	 time	 and	 laser	 power	
increases.	Also,	laser	power	is	the	dominant	factor	in	increasing	the	peak	temperature	with	




























































































values	 as	 a	 result	 of	 using	different	 processing	parameters.	 The	 influence	of	 laser	 power,	

























120	 x	 x	 x	 x	
140	 x	 x	 x	 x	
160	 x	 x	 x	 x	
180	 x	 x	 x	 x	







are	 detrimental	 to	 the	mechanical	 properties	 of	 the	 samples	 and	 can	 cause	 cracking	 and	
delamination.	So,	the	FEA	model	was	edited	and	different	substrate	temperatures	were	used	







298	 x	 x	 x	
423	 x	 x	 x	
573	 x	 x	 x	
723	 x	 x	 x	






Similar	 to	 any	 other	 scientific	 work,	 there	 are	 errors	 and	 uncertainties	 involved	 in	 the	




this	 study	 stems	 from	 the	 fact	 that	 for	 each	 set	 of	 parameters,	 only	 one	 specimen	 was	
produced	and	characterised.	Although	the	large	number	of	specimens	examined	here	can	be	
an	advantage	when	processing	experimental	data	statistically,	but	 the	 limitation	of	having	
only	 one	 data	 point	 for	 each	 type	 of	 defect	 produced	 as	 a	 result	 of	 utilizing	 each	 set	 of	
parameters	remains	a	significant	source	of	uncertainty.	
The	other	major	source	of	error	 in	 this	 research	 is	 related	to	the	measurement	of	various	
defects	through	optical	microscopy.	Although	these	measurements	were	performed	using	the	




that	 where	 considered	 as	 pores	 were	 the	 ones	 that	 had	 a	 roundness	 larger	 than	 0.5	 to	
distinguish	them	from	small	cracks	and	lack	of	fusion	defects	and	every	image	was	manually	
inspected	to	make	sure	that	the	software	has	performed	this	detection	accurately,	but	it	is	



















































































































Fig.	 4.5.	 The	 amount	 of	 cracking	 and	 porosity	 calculated	 from	 Equation	 4.1	 and	 4.2	 are	






Bed	Temperature	 Point	Distance	 Hatch	Spacing	 Layer	Thickness	






















































































































































































fusion	defects	 for	different	exposure	 times	at	certain	 laser	powers	are	 represented	 in	Fig.	
4.10.	 The	 amount	 of	 lack	 of	 fusion	 defects	 here,	 are	 presented	 as	 the	 proportional	 LoF	








It	 can	 be	 observed	 that	 as	 the	 laser	 power	 used	 in	 the	 SLM	 increases	 the	 exposure	 time	













































































their	 influence	 on	 crystallization	 behaviour	 of	 the	 SAM1561	 samples,	 each	 cube	 was	
examined	through	XRD	testing	and	the	results	are	presented	below	in	Fig.	4.13.	Each	graph	










































































absorbed	by	the	surface	of	 the	specimen	at	each	melt	spot	which	 is	a	combination	of	 the	
exposure	time	and	laser	power.	This	crossover	can	be	seen	in	graphs	pertaining	to	cooling	









































































































laser	 power	 and	 exposure	 time	 would	 result	 in	 an	 amorphous	 or	 partially	 crystalline	



























































From	 the	data	 in	 Fig.	 4.20	 the	 thermal	 gradient	 created	 in	 the	heat	 affected	 zone	 can	be	
obtained	for	each	laser	power/exposure	time	combination	and	it	is	shown	in	Fig.	4.21.	When	
examining	the	patterns	in	this	figure,	three	observations	can	be	made:	
a) For	 each	 laser	 power,	 as	 exposure	 time	 increases,	 a	 relative	 reduction	 in	 thermal	
gradient	can	be	observed.	
b) For	each	laser	power,	at	smaller	exposure	times,	thermal	gradient	values	are	almost	













































for	 each	 laser	 power,	 shifts	 towards	 smaller	 values	 as	 laser	 power	 increases.	 The	




















































































It	 can	 also	 be	 observed	 that	 the	 slope	 of	 the	 curve	 significantly	 changes	 when	 the	
microstructure	of	 the	 specimens	 alters	 from	amorphous	 at	 high	 cooling	 rate	 and	 thermal	
gradient	to	partially	crystallized	at	low	cooling	rate	and	thermal	gradient.	The	slope	in	this	
diagram	 represents	 the	 solidification	 rate	 (R=T/G)	 and	 it	 depicts	 that	 the	 samples	 that	







































were	built	 using	 various	 laser	 power/exposure	 time/bed	 temperature	 combinations	while	























































































































































































































































































































































































The	 proportional	 lack	 of	 fusion	was	 used	 to	 demonstrate	 the	 relationship	 between	 layer	
















































































































































































































































































































































































































































4.34	 shows	 that	 for	 each	 laser	 power	 and	 exposure	 time,	when	 the	 point	 distance	 is	 the	



































































































































































































































































































Using	 the	 parameters	 in	 the	 processing	 window	 for	 selective	 laser	 melting	 of	 SAM1651	
powder,	 established	 in	 section	 5.5,	 samples	 with	 complex	 shapes	 were	manufactured	 to	
demonstrate	the	feasibility	of	their	fabrication	with	amorphous	microstructure	and	minimal	



















































As	 discussed	 before	 in	 section	 2.9,	 E*0	 is	 defined	 as	 the	 normalized	 energy	 density	 and	
calculated	using	Equation	5.1	and	represents	a	combination	of	two	sets	of	parameters.	One	
is	 the	processing	parameters	that	are	used	 in	the	ALM	process,	such	as	 laser	power,	 laser	
velocity,	 layer	 thickness,	 hatch	 spacing	 and	 substrate	 temperature,	while	 the	other	 set	of	
parameters	 represents	 the	 thermal	 and	 physical	 characteristics	 of	 the	 material	 being	
processed	like	density,	thermal	capacity	and	melting	temperature.	This	combination	as	shown	
by	Thomas	et	al.	(Thomas,	Baxter	and	Todd,	2016)	can	be	used	to	show	the	amount	of	heat	






defects	 inside.	 These	 defects	 that	 can	 deteriorate	 the	 structural	 integrity	 of	 the	 samples	




























Eq.2	can	be	simplified	to	Equation	5.2	which	is	as	follows:	𝐸;∗ = 𝐶  𝑞 𝑣∆𝑇 	 	 Equation	–	5.2	
Where:	 𝐶  = 𝐴 2ℎ𝑙 1 𝜌𝐶 	 	 Equation	–	5.3	
The	surface	absorptivity	(A)	is	assumed	to	remain	constant	as	well.	Further	simplification	can	
be	done	to	Equation	5.2.	The	beam	velocity	included	in	Equation	5.1,	can	be	calculated	for	
the	selective	laser	processing	as:	𝑣 = 𝑥 𝑡£2 + 𝑡Wbz£ 	 	 Equation	–	5.4	




hence	can	be	ignored.	Hence,	the	velocity	of	the	SLM	process	was	simplified	to:	𝑣 = 𝑥 𝑡£2	 	 Equation	–	5.5	
	Thus,	as	point	distance	was	kept	constant	as	well,	Equation	5.2	can	now	be	simplified	as:	𝐸;∗ = 𝐶[ 𝑞𝑡±²³ ∆𝑇 	 	 Equation	–	5.6	
Where:	𝐶[ = 𝐶  𝑥 = 𝐴 2ℎ𝑙𝑥 1 𝜌𝐶 	 	 Equation	–	5.7	















SLM	process.	So,	 reducing	 the	stress	would	help	 reduction	of	 the	cracking.	As	Kruth	et	al.	
(Kruth	 et	 al.,	 2004)	 has	 explained	 the	 source	 of	 this	 stress	 can	 be	 attributed	 to	 the	 high	
thermal	gradient	that	occurs	in	the	heat	affected	zone	around	a	melt	pool	and	as	this	thermal	
gradient	increases	the	resulting	stress	and	therefore	cracking	would	increase	respectively.		
In	 order	 to	 examine	 this	 hypothesis	 regarding	 the	 interaction	 between	 powder	 bed	
temperature	 and	 the	 resulting	 cracking,	 several	 specimens	 were	 manufactured	 using	
different	laser	power,	exposure	time	and	powder	bed	temperature	values.	As	depicted	in	Fig.	











Which	means	 powder	 bed	 temperature	 is	 the	main	 factor	 controlling	 the	 thermal	
gradient	in	the	HAZ	of	individual	melt	pools	
b) As	 powder	 bed	 temperature	 increases,	 the	 resulting	 thermal	 gradient	 decreases	
significantly.	
The	next	step	is	to	combine	the	data	in	Fig.	4.24	and	Fig.	4.26	which	results	in	the	diagram	
shown	 in	Fig.	4.27.	To	have	a	better	understanding	of	 the	 interplay	between	 laser	power,	







the	 SLM	process	 is	 the	 thermal	 gradient.	 As	mentioned	before,	 the	 effect	 of	 laser	
power	and	exposure	time	on	cracking	is	through	the	resulting	level	of	porosity,	when	
the	powder	bed	temperature	is	the	same,	and	it	will	be	discussed	later	and	although	




































actually	 the	powder	bed	 temperature	 and	as	 it	 increases,	 the	 consequent	 thermal	
gradient	values	notably	decrease.		
c) Combining	these	two	facts,	 it	can	be	concluded	that	the	hypothesis	put	forward	by	






As	 for	 Equation	 5.6,	 the	 above	 conclusion	 means	 that	 we	 can	 go	 another	 step	 toward	
simplification	of	the	equation,	since	powder	bed	temperature	would	be	constant	as	well:	𝐸;∗ = 𝐶g 𝑞𝑡±²³ 	 	 Equation	–	5.8	


















is	 depicted	 in	 Fig.	 4.17	 and	 Fig.	 4.20.	 From	 these	 diagrams,	 the	 corresponding	 thermal	
gradients	and	cooling	rates	were	derived	as	shown	in	Fig.	4.18	and	Fig.	4.21.		
In	Fig.	4.18	we	can	see	that	as	laser	power	and	exposure	time	values	used	were	increased	the	




Furthermore	 from	 Fig.	 4.21,	 the	 effect	 of	 laser	 power	 and	 exposure	 time	 on	 the	 thermal	
gradient,	while	all	other	processing	parameters	were	kept	constant,	is	evident:	
























for	 each	 laser	 power,	 shifts	 towards	 smaller	 values	 as	 laser	 power	 increases.	 The	
reduction	does	 not	 happen	 at	 120W,	occurs	 at	 160μs	 for	 140W	and	160W	and	 at	







values	 increase,	 the	 sudden	 reduction	 in	 thermal	 gradient	 can	 happen	 at	 smaller	
exposure	times	since	less	time	would	be	required	for	heat	flow	to	affect	areas	of	the	





















glass,	 some	areas	of	 the	heat	 affected	 zone,	 become	 crystallized.	 Furthermore,	when	 the	
cooling	rate	of	the	material	in	the	HAZ	is	smaller,	the	heat	flow	from	the	HAZ	to	the	previously	
deposited	layer	decreases.	This	can	cause	heat	accumulation	during	successive	laser	scanning,	
















































































Finally,	 the	 relationship	 between	 the	 normalized	 energy	 density	 and	 the	 crystallization	
behaviour	observed	in	this	study	can	be	explained	accordingly.	As	mentioned	before,	𝐸;∗	can	





which	 in	 turn	 according	 to	 Fig.	 5.3	 would	 result	 in	 a	 higher	 possibility	 of	 the	 specimens	
crystallizing.	So,	it	can	be	concluded	that	for	the	purpose	of	keeping	the	microstructure	fully	





As	𝐸;∗	 ∝ 𝑞𝑡£2 ↑	⟹	 𝐺 ↓𝑇 	⇊ 	⇒ 	𝑅 = '^ ↓	⇒		Partial	Crystallization	
	
5.4. Constructing	a	Processing	Map	of	Selective	Laser	Melting	SAM1651	



































energy	 input	 can	 cause	 in-situ	 pore	 formation	 either	 by	 vaporising	 constituent	 elements	
which	have	 lower	melting	points	or	by	Argon	gas	entrapment	 in	 the	melt	pool	which	 can	
happen	as	a	result	of	a	volatile	melt	pool	created	because	of	the	high	energy	density	input.	
The	amount	of	the	first	type	decreases	as	the	energy	input	increases	because	some	of	the	gas	










pore	 increases	 as	well.	 This	 is	why	 the	 curves	 shown	 in	 Fig.	 4.5	 depict	 porosity	 values	 to	
decrease	at	lower	energy	density	inputs	and	increase	at	higher	ones.	












this	 phenomenon	 is	 that	 laser	 power	 and	 exposure	 time	 values	 control	 the	 size	 of	 the	











































































































It	was	 shown	before	 that	when	processing	bulk	metallic	 glasses,	 the	energy	density	 input	
controls	the	crystallization	behaviour	of	the	specimens	through	thermal	gradient	and	cooling	





























































can	 relate	 every	 threshold	 to	 the	 critical	 consequent	 normalized	 energy	 density	 input	 by	
utilizing	Equation	5.8.	As	discussed	before,	 the	amount	of	E0*	put	 into	 the	powder	bed	 is	
directly	proportional	to	the	product	of	laser	power	and	exposure	time	used.	From	this	we	can	
come	up	with	values	for	E*0	for	each	of	these	thresholds:	𝐸;∗ = 𝐶g 𝑞𝑡±²³ 	 	 Equation	–	5.8	

















723	K	 50	μm	 100	μm	 50	μm	 0.3	 7310	kgm-3	 460	Jkg-1K-1	 1394	K	
	
Table	5.2-	Processing	parameters	that	were	kept	constant	for	this	experiment	












































defects	 are	 comparatively	 low	 and	 hence	 seems	 to	 be	 the	 favourable	 window	 to	
manufacture	specimens	in.	
c) And	finally,	 in	this	area,	although	formation	of	 lack	of	 fusion	defects	 is	nearly	non-














been	 reported	 to	 be	 between	 0.25	 to	 0.35.	 So,	 in	 this	 study	 0.3	was	 assumed	 to	 be	 the	
absorptivity	 coefficient	of	SAM1651.	 In	order	 to	examine	how	this	assumption	affects	 the	
outcome	of	the	processing	window	for	this	alloy,	Fig.	5.7	and	Fig.	5.8	were	constructed	using	













































































A=0.25	 3.77	 4.47	 5.56	 5.96	


































































































































some	part	of	 the	powder	 layer	that	was	supposed	to	be	melted,	did	not	get	enough	 laser	
beam	exposure	and	hence	remained	in	its	powder	form	or	was	partially	melted.		Whenever	


















different	 laser	 power	 and	 exposure	 times.	 After	measuring	 the	 amount	 of	 lack	 of	 fusion	
defects	for	each	specimen	through	optical	microscopy,	 it	was	evident	that,	 for	each	set	of	




on	 the	 effect	 of	 layer	 thickness	 on	 formation	 of	 lack	 of	 fusion	 defects	 can	 be	 explained	
through	the	amount	of	energy	input	that	goes	inside	the	whole	of	the	specimen	during	the	
SLM	process.	To	examine	if	there	is	a	correlation	between	this	parameter	and	the	amount	of	






































































































































































































thickness	 is	 one	 of	 the	 factors	 that	 can	 be	 influential	 in	 this	 regard.	 That	 is	 why	 several	
specimens	were	made	using	different	layer	thickness,	laser	power	and	exposure	time	values	
to	 investigate	 the	effect	 that	 layer	 thickness	 can	have	on	 the	 cracking	 caused	 in	 the	 SLM	




were	obtained	demonstrating	how	 layer	thickness	affects	 the	amount	of	cracking	 in	these	





From	 this	 diagram,	 which	 is	 a	 good	 representation	 of	 the	 results	 obtained	 using	 other	









































lower	 thermal	 gradient	 that	occurs	when	 the	powder	 layer	 thickness	 is	 larger,	 during	 the	
cooling	period	as	the	laser	beam	has	moved	away,	which	in	turn	is	the	result	of	the	larger	
heat	sink	present	when	the	layer	thickness	is	larger.	They	also	suggested	that	the	rigidity	of	




they	 would	 affect	 the	 internal	 residual	 stresses	 caused	 by	 the	 SLM	 process	 and	 the	
subsequent	 bending	 of	 the	 specimens.	 They	 found	 out	 that	 a	 smaller	 layer	 thickness	 can	
adversely	affect	the	stresses	within	the	cantilever	and	as	the	layer	thickness	increased,	the	
resulting	 deformation	 of	 the	 specimens	 would	 be	 smaller,	 as	 depicted	 in	 Fig.	 5.12.	 They	
speculated	that	the	thinner	layers	would	experience	a	higher	temperature	during	the	laser	
exposure	since	the	same	heat	input	were	being	distributed	inside	a	smaller	volume	of	material	














base	 plate,	 the	 resulting	 angle	 of	 deformation	 would	 determine	 the	 amount	 of	 residual	
stresses	within	 the	 samples.	 They	 showed	 that	when	 the	 layer	 thickness	used	 in	 the	 SLM	
process	 was	 reduced	 the	 angle	 of	 deformation	 in	 the	 resulting	 specimen	would	 increase	
suggesting	a	higher	residual	stress	in	the	specimen.	There	was	no	explanation	as	to	why	this	
phenomenon	would	occur.	









to	 the	 layer	 thickness,	which	 is	 in	 contrast	with	 every	other	 research	on	 this	 issue	 and	 is	
contradictory	to	the	heat	sink	argument.	Because,	 it	would	mean	that	when	using	a	larger	












thermal	and	residual	 stresses	and	 increase	 the	possibility	of	cracking.	As	 to	why	a	smaller	
layer	thickness	creates	larger	thermal	gradients,	another	explanation	can	be	related	to	how	





the	 immediate	 solid	 substrate	 beneath	 the	 powder	 layer	which	 has	 a	 larger	 conductivity	



































other	 processing	 factors	 shown	 in	 Table.	 4.5	 constant).	 They	 were	 analysed	 with	 optical	





the	volume	of	 the	specimen	would	 increase	when	 the	hatch	spacing	value	used	 increases	
according	to	Equation	5.1.	As	a	result,	the	possibility	of	some	portion	of	powder	remaining	





manufacturing	 specimens	 out	 of	 Ti-6Al-4V	 and	 analysing	 their	 density	 through	 the	





































































































































The	 cracking	 behaviour	 occurring	 during	 the	 selective	 laser	 melting	 process	 is	 directly	
proportional	to	the	amount	of	stress	the	specimen	is	experiencing	which	is	in	turn	governed	




















































were	manufactured	 using	 different	 laser	 power,	 exposure	 time	 and	hatch	 spacing	 values.	





















constant,	 when	 the	 hatch	 spacing	 used	 to	 build	 their	 samples	 was	 larger,	 the	 deflection	
occurring	in	the	steel	substrate	was	smaller,	from	which	they	deduced	that	a	smaller	hatch	
spacing	would	create	more	thermal	and	residual	stresses	in	the	specimen.	To	interpret	this	






































Reed,	 2012),	 they	 discovered	 that	 specimens	 manufactured	 using	 smaller	 hatch	 spacing	
values,	contained	more	solidification	cracks,	as	depicted	in	Fig.	5.17,	in	their	backscattered	

























HAZ	 a	 larger	 constant	 source	of	 heat	 to	 raise	 its	 temperature	with.	 This	 causes	 a	 smaller	











material	being	melted	 to	 form	the	new	track,	a	portion	of	 the	heat	 input	would	dissipate	
through	it,	increasing	the	temperature	of	a	larger	portion	of	the	HAZ.	This	would	result	in	a	












not	 large	 enough	 to	 cover	 the	 space	 between	 them	 there	might	 be	 some	 portion	 of	 the	
powder	that	remains	unmelted.	The	parameters	that	control	the	diameter	of	individual	melt	
pools,	 namely	 laser	power	and	exposure	 time,	were	discussed	before.	 In	 this	 section,	 the	
effect	of	the	point	distance	on	the	possibility	of	formation	of	 lack	of	fusion	defects	will	be	
examined.	






Another	way	 of	 looking	 at	 the	 influence	 of	 point	 distance	 on	 the	 formation	 of	 irregularly	
shaped	voids	is	through	the	amount	of	heat	that	is	put	into	the	total	volume	of	a	specimen	
manufactured	 through	 the	 SLM	process.	 For	 this	 purpose,	 the	 normalized	 energy	 density	
resulting	from	several	sets	of	laser	power,	exposure	time	and	point	distance	values	used	to	















































































































this	 correlation,	 Fig.5.19	 is	 presented	 as	 an	 example	 which	 shows	 that	 for	 specimens	
manufactured	using	130W	laser	power	and	120-150µs	exposure	time,	as	the	point	distance	
value	utilized	increases,	the	normalized	energy	density	decreases	and	lack	of	fusion	defects	






parameters	constituting	𝐸;∗,	are	kept	constant,	except	 for	 layer	thickness	 in	Fig.	5.9,	hatch	




















































process	 that	 can	 result	 in	 larger	 thermal	 gradients	 and	 hence	 larger	 stresses	 inside	 the	
samples	being	made.	
In	order	 to	 investigate	 this	 influence,	Fig.	5.20	was	constructed	as	an	example	of	cracking	




















compared	 to	 the	 powder,	 a	 portion	 of	 that	 heat	 energy	 would	 dissipate	 into	 the	
solidified	surroundings	of	the	new	melt	pool	before	the	temperature	of	the	HAZ	could	




















































velocity	 in	 the	 selective	 laser	 melting	 process,	 one	 of	 the	 approaches	 in	 explaining	 the	











This	 reduction	 in	 cooling	 rate	during	 solidification,	 for	a	bulk	metallic	 glass,	 could	mean	a	
higher	possibility	of	 some	portions	of	 the	microstructure	crystallizing	 if	 the	cooling	 rate	 is	
reduced	enough	to	be	smaller	than	the	critical	cooling	rate	of	the	metallic	glass.	













• Powder	 particles	 should	 not	 have	 internal	 pores.	 They	 add	 to	 the	 porosity	 of	 the	
product	significantly.	
• Laser	 power	 and	 exposure	 time	 should	 be	 chosen	 from	 the	 processing	 window	
presented	in	Fig.	5.6.	



























5- It	was	 shown	 that	as	 the	exposure	 time	 increases,	 the	number	of	pores	 inside	 the	








6- Formation	 of	 lack	 of	 fusion	 defects	 were	 shown	 to	 decrease	 as	 laser	 power	 and	
exposure	time	increased	and	when	they	were	high	enough,	lack	of	fusion	defects	were	
completely	 eliminated.	 This	 was	 attributed	 to	 the	 influence	 of	 these	 processing	
parameters	on	the	size	of	the	resulting	melt	pools.	
	
7- It	was	demonstrated	 that,	 typically,	 for	each	 laser	power,	when	the	exposure	 time	




8- For	 each	 laser	power	used	 in	 the	 SLM	process,	 certain	 exposure	 time	values	were	
identified	to	be	the	threshold	for	achieving	minimal	cracking,	porosity,	lack	of	fusion	
defects	 and	 preventing	 partial	 crystallization	 of	 the	microstructure.	 By	 assembling	
these	data	points,	a	processing	map	was	constructed	which	indicates	for	a	set	of	laser	












10- From	 investigating	 the	 abovementioned	 processing	 map,	 the	 normalised	 energy	
density	input	was	shown	to	be	an	appropriate	indicator	for	predicting	the	amorphicity	
and	 defect	 formation	 in	 the	 specimens.	 The	 optimised	 normalised	 energy	 density	

















































7.1. One	 of	 the	 initial	 objectives	 of	 this	 study	was	 to	 fabricate	 specimens	 from	






a) Utilising	 powder	 particles	 that	 do	 not	 have	 internal	 pores.	 Some	 of	 the	
purchased	powder	particles	used	in	this	study	contained	pre-existing	internal	
pores	 that	were	remnants	of	 the	gas	atomization	stage	of	 their	production.	
Through	 optimisation	 of	 the	 parameters	 used	 to	 fabricate	 these	 powder	
particles,	this	type	of	porosity	can	be	significantly	reduced	or	even	eliminated.	
This	would	considerably	enhance	the	density	of	the	specimens	fabricated	using	
this	 powder.	 	Morphology	 of	 the	 powder	 can	 also	 be	 improved	 to	 become	









performing	 the	 SLM	 process	 above	 the	 glass	 transition	 temperature	 of	 the	
glass	forming	alloy	might	provide	a	good	opportunity	for	manufacturing	crack-
free	 samples.	 Although	 crystallisation	 of	 the	 material	 should	 be	 closely	
monitored,	as	higher	temperatures	could	cause	higher	levels	of	crystallization	
in	the	specimens.	
c) Another	 way	 of	 combating	 the	 cracking	 problem	 could	 be	 altering	 the	
composition	of	the	alloy.	For	example,	it	has	been	shown	that	small	additions	









bed	 and	 the	 resulting	 thermal	 gradient	 and	 cooling	 rate	 can	 be	 done,	 using	
different	values	for	these	processing	parameters.	Also,	separate	modelling	of	the	
thermal	stresses	occurring	in	the	specimens	as	a	result	of	the	interaction	of	these	
parameters	can	shine	a	better	a	light	on	the	behaviour	of	cracking	in	the	resulting	
samples.		
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